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Introduction
Mycotoxins, biologically active secondary fungal metabolites, are found as contaminants of food and pose a major risk for disease in humans and animals. The mycotoxin alternariol (AOH) is produced by the fungi of the Alternaria genus, common contaminants of fruit, vegetables and cereal products. In vitro studies have reported that AOH causes DNA damage (Fehr et al., 2009; Pfeiffer et al., 2007) and mutations (Brugger et al., 2006) . AOH has the potential to act as a topoisomerase (topo) IIα poison (Fehr et al., 2009) , which might contribute to its ability to cause DNA double strand breaks (DSBs). In a recent study, we found that AOH induced reactive oxygen species (ROS) and oxidative DNA damage in addition to DNA breaks in RAW 264.7 macrophages . The DNA damage response was associated with reduced cell proliferation resulting in an accumulation of cells in G 2 /M (4N).
While several reports suggest that AOH induces cell cycle arrest (Brugger et al., 2006; Schreck et al., 2012; Wollenhaupt et al., 2008) , a more precise and detailed characterization of the process is still lacking. Cells have various cell cycle checkpoints that ensure that individual phases of the cell cycle are not initiated unless conditions are favorable and previous phases have been successfully completed (Bartek et al., 2004) . These include the G 1 /S (DNA damage checkpoint), G 2 (DNA damage checkpoint, decatenation checkpoint), G 2 /M (antephase checkpoint), M/A (metaphase/anaphase; spindle assembly checkpoint) and the G 1 tetraploidy checkpoint.
The G 1 /S DNA damage checkpoint is often controlled by p53 through its ability to induce p21 expression. The increased level of p21 inhibits both cyclin E and cyclin A/cdk2 activity which are required for the G 1 /S phase transition. The G 2 DNA damage checkpoint is guarded by several pathways (Chin and Yeong, 2010) . The PI-3K ataxia telangiectasia mutated protein kinase (ATM) mainly responds to DSBs, while ataxia-telangiectasia and RAD3 related (ATR) respond to DNA single stranded breaks (SSBs) (Lee and Paull, 2007; Nam and Cortez, 2011) .
The ATR might also be activated secondary to ATM, after prior processing of the DSBs to SSBs (Smith et al., 2010) . ATR/ATM then activate checkpoint kinase 1 and/or 2 (chk-1/2) and the cdc25C phosphatase to rapidly prevent entry into mitosis by depressing the activity of cyclin A-and B-dependent kinases. These pathways quickly induce a transient block in G 2 , although a more sustained block can be induced via the transcription-dependent p53/p21 pathway (Mikhailov et al., 2005; Taylor and Stark, 2001) . Another checkpoint in the G 2 phase is the decatenation checkpoint (Damelin and Bestor, 2007) . Topo IIα activity is required to remove cations that form between sister DNA molecules, as a consequence of their replication. Because these cations physically link the sister DNAs, they must be removed to allow chromosome condensation in prophase and chromosome segregation in anaphase. The presence of a decatenation checkpoint that is independent of DNA damage has been supported by a variety of studies (Damelin et al., 2005; Nakagawa et al., 2004) . The concept is however still controversial as the topo II inhibitor ICRF-193 has been shown to activate DNA damage signaling in some cancer cell lines (Park and Avraham, 2006) .
Mitosis can be subdivided into karyokinesis (prophase, prometaphase, metaphase, anaphase, telophase) and cytokinesis. Mitosis is often defined as beginning of the chromosome condensation; however this is a gradual process that is shortly initiated after the S-phase as the Aurora kinases begin to phosphorylate histones. Furthermore, up to a point, the process of prophase chromosome condensation is reversible. Once this point (also called antephase) is passed, the cell is committed to divide and undergo nuclear envelope breakdown (Rieder, 2011) . Some consider the antephase to be the last checkpoint for entering into mitosis (Chin and Yeong, 2010 ). It appears, however, to be distinct from the decatenation checkpoint (Damelin and Bestor, 2007) . In order to minimize the production of aneuploid progeny during mitosis, cells have evolved a checkpoint in the M/A transition, the spindle assembly checkpoint, that delays chromatid separation in the presence of kinetochores that are not attached to microtubules and can delay anaphase for several hours (Rieder, 2011) . Cytokinesis is the physical separation of two daughter cells during the cell division (Barr and Gruneberg, 2007) . Many different types of errors in cell division can lead to failure of cytokinesis and the generation of tetraploid cells. These cells are suggested to be arrested in G 1 by the tetraploidy checkpoint via a p53-dependent mechanism (Ganem and Pellman, 2007) .
The immune system is a potential target for adverse health effects of mycotoxins such as trichothecenes, with low doses of the toxin having immunostimulatory effects and high doses causing immunosuppression (Pestka, 2010) . Interestingly, proliferation of macrophages rather than recruitment from the blood has recently been shown to be important in type 2 immune responses (Jenkins et al., 2011) . As mycotoxins most often are found in mixtures, it is important to also examine the potential immunotoxic effects of other co-occurring mycotoxins including AOH (Kosiak et al., 2004 ) on immune cells. The RAW 264.7 murine macrophage cell line is often used to study effects of mycotoxins on immune cells (Zhou et al., 2005) . The model was recently successfully used in our study on AOH , demonstrating a functional DNA damage response including an adequate p53 response. The aim of the present study is to determine how AOH impairs cell cycle progression. The concentrations of AOH used in this study are in the same range that causing DNA damage previously published by us and others (Brugger et al., 2006; Fehr et al., 2009; Pfeiffer et al., 2007; Solhaug et al., 2012) .
Materials and Methods

Reagents and chemicals
RNAse (Purelink™ RNase A), bovine serum albumin (BSA) and gels and buffers for Western blotting (NuPAGE system) were all purchased from Invitrogen (Life Technology, Carlsbad, CA, USA). Propidium iodide (PI), DAPI and Hoechst 33342 were from Molecular Probes 
Cell culture and treatments
The mouse macrophage cell line RAW 264.7 was obtained from European Collection of Cell Cultures (ECACC) and grown in DMEM supplemented with 10% heat inactivated FBS (FBS; EU standard, Lonza), penicillin (100 U/ml), and streptomycin (100 g/ml). Cells were cultured at 37°C under 5% CO 2 in a humidified incubator and kept in logarithmic growth phase at 10 6 -10 7 cells/75 cm 2 through routine sub-culturing twice a week by scraping, according to standard ECACC protocol. For measurement of proliferation, the cells were plated on UpCell plates (Nunc, Rochester, NY, USA). These plates are unique in that the surface is temperature-responsive and allow cells to detach without the use of cell scrapers at temperatures below 32ºC. For harvesting the plates were put on ice for 10 min to allow detachment. Cells were seeded at a density between 20 000 and 45 000 cells/cm 2 the day before the experiment and medium refreshed before exposures. This cell-density allowed the cells to grow without reaching confluence during the experiments. AOH was dissolved in DMSO and the final concentration of solvent in cell culture was 0.1%. Appropriate controls containing the same amount of solvent were included in each experiment.
Cell growth
RAW 264.7 cells were cultured on UpCell dishes and treated with AOH and harvested as described above Cell growth was measured by counting number of cells using a flow cytometer, Accuri C6 (BD bioscience). Debris was excluded from the analysis through gating (FCS-A vs. SSC-A).
Cell cycle, polyploidy
For cell cycle analysis, RAW 264.7 cells were harvested by scraping, washed with PBS and fixed with ice-cold 70% EtOH overnight at -20C. The cells were then washed with PBS, incubated with PI (10 µg/ml)/RNase A (100 µg/ml) in PBS for 30 min at 37C before analyses on a flow cytometer, Accuri C6. Single cells were gated and a minimum of 10 000 cells acquired and analysed by using the FL2-A (585/40) filter. Data acquired were analysed by Accuri CFlow Plus. For analysis of polyploidy, the cells were treated with trypsin and stained with PI according to the method of Vindelov (Vindelov et al., 1983) , and analysed by flow cytometry. Single cells were gated as shown in Suppl. Fig S1 , and a minimum of 30 000 cells acquired and analysed by using the FL2-A (585/40) filter.
Western Blot
Preparation of cell lysate and Western blot were done as previously described ).
Measurement of intracellular proteins by flow cytometry
Harvesting and fixing the cells was done as previously described . For staining, the cells were incubated with primary antibody for 2 h followed with secondary antibody conjugated to Alexa Fluor 647 for 1 h at ambient temperature. For analyses of Histone H3 (S28), cells were incubated with Histone H3 (S28)-antibody Alexa Fluor 647
conjugant 1 h at room temperature. After staining, the cells were washed twice with 0.5% BSA/PBS, resuspended in PBS and analysed by flow cytometry. For analysis of cell cycle distribution in addition to protein expression, the cells were first stained with the antibody of interest, then stained with PI/RNase, as described above and analysed by flow cytometry.
Fluorescence and confocal microscopy
Cells were plated on poly(L)lysine coated coverslips (BD Biosciences). After AOH exposure, the cells were fixed in 4% PFA for 10 min at room temperature, permeabilized in PEM buffer 
Transmission electron microscopy (TEM)
Following drug exposure the cells were rinsed with 0.15 M Na cacodylate buffer and fixed by drop wise addition of glutaraldehyde (2.5%) for 1 h. After fixation, the specimens were rinsed several times with 0.15 M Na cacodylate buffer and post fixed with 1.5% osmium tetroxide for 1 h. After further rinsing with cacodylate buffer, the samples were dehydrated through a series of graded ethanol from 70 to 100%. The specimens were infiltrated in a mixture of acetone-Eponate (50/50) for 3 h, then in pure Eponate for 16 h. Finally, the specimens were embedded in DMP30-Eponate for 24 h at 60°C. Sections (0.5 µm) were cut on a LEICA UC7 microtome and stained with toluidine blue. Ultra-thin sections (90 nm) were obtained, collected onto copper grids and counterstained with 4% uranyl acetate then with lead citrate.
Examination was performed with JEOL 1400 electron microscope operated at 120 kV.
GM1 immunofluorescence assay
RAW 264.7 cells were fixed and stained with cholera toxin subunit B -Alexa Fluor 488 as previously described (Gammelsrud et al., 2012) . Pictures were captured with a DMRXA Leica microscope and a COHU high performance CCD camera using Metavue software.
Determination of membrane fluidity
The membrane fluidity of bulk membranes was determined by a spin-labelling method using electron paramagnetic resonance (EPR). After treatment, cells collected in PBS were incubated with 50 μg/mL 12-Doxyl Stearic Acid (12-DSA) spin label for 15 min at 37°C and then were washed 3 times with cold PBS to eliminate the free spin label. The final pellet was kept on ice to prevent any spin label reduction before analysing the EPR spectrum at room temperature (20°C) using a Bruker ECS 106 spectrometer (9.82 GHz frequency, 20 mW microwave power, 1.771 G modulation amplitude, and 100 kHz modulation frequency;
Bruker Spectrospin). The values of inner hyperfine-splitting EPR spectra, typical for 12-DSA spin label, were used to calculate the membrane order parameter S. A decrease in the membrane order parameter reflects an increase in membrane fluidity.
Statistical analysis
Differences between treatments were analysed statistically by using t-test for unpaired data, if not others are stated.
Results
AOH reduces cell growth and causes cell cycle arrest
To assess the effects of AOH on cell growth, RAW 264.7 were exposed to various (Fig 2A and B) . The lower concentration (15 µM) also induced an early accumulation of cells in the S phase, but no G 2 /M arrest at later time points was seen. .
Taken together, these data suggest that AOH treatment interferes with cell proliferation and causes an accumulation of cells in 4N.
AOH reduces the number of mitotic cells
To ascertain whether 4N cells were arrested at G 2 /M (G 2 /mitosis) or at the metaphase/anaphase (M/A) transition points, cells were analysed by flow cytometry after staining with the mitotic marker phosphorylated histone H3 (S28; phosphorylated when proceeding from prophase to anaphase). Interestingly, numbers of mitotic cells were markedly down regulated throughout the 48 h exposure period beginning at 4 h after AOH (30 µM) exposure (Fig 3) , which was verified by fluorescence microscopy (cells with properly condensed chromosomes; data not shown).
AOH affects regulators of the cell cycle
To further characterize the AOH-induced G 2 /M arrest, we measured expression of cyclin B1
and p-cdc2. Activation of the cyclin B1-cdc2 complex and thus entry into mitosis, involves both dephosphorylation of cdc2 and phosphorylation of cyclin B1. AOH exposure (30 µM)
induced an up regulation of both cyclin B1 and p-cdc2 as observed by Western blot (Fig 4AB) and flow cytometry (Fig 4C) , which indicated a deactivated cyclin B1-cdc2 complex and an arrest in the G 2 /M transition point. Furthermore, phosphorylation of cyclin B1 at site S147 (Fig 4A) , was not observed, which is suggestive of the G2/M arrest. Flow cytometric analysis verified that cells with elevated cyclin B1 were in the (4N) phase (Fig 4D) . Additionally, fluorescence microscopy revealed that cyclin B1 was mainly located in the cytoplasm in AOH-exposed cells (Fig 4E) , which is typical of arrest in the G 2 /M transition point. A minor fraction of the 4N cells had low levels of cyclin B1 (Fig 4D) which could represent mitotic cells and/ or tetraploid G 1 cells. In contrast to cyclin B1, cyclin D1 and p27 which is important for the G 1 /S restriction point, was found to be unchanged after AOH exposure (Suppl. Fig S2) . Altogether, these data strongly suggest a reduced activity of the cyclin B1/cdc2 complex in the presence of AOH resulting in an arrest in the G 2 /M transition point.
AOH induces morphological changes of the nucleus
Fluorescence microscopy following staining with Hoechst 33342 revealed that most AOHtreated cells (24-72 h) contained nuclei with increased size and abnormal morphology (Fig 5) .
These changes included partly separated nuclei, nuclear blebs and clearly separated nuclei;
and cells with MN (Fig 5A-C) . The morphological changes were further verified by analysis using transmission electron microscopy (TEM; Fig 5D) .
To ascertain if the tetraploid (4N) cells could re-enter the S-phase, we next examined the level of >4N cells by flow cytometry. After 72 h exposure of AOH (30 µM), about 2% exceeded 4N, equivalent to a 7-fold increase compared to control (Fig 6) . The majority of these cells were 8N. Bi-or multi-nucleated cells may often be a result of failures in the cytokinesis (Barr and Gruneberg, 2007) . Aurora B was thus used as a marker for intercellular bridges of cells undergoing cytokinesis to study this process in more detail. Following 24 h of AOH (30 µM) exposure, we found abnormal intercellular bridges stained by Aurora B, where three or four dividing nuclei appeared to be connected by Aurora B-positive bridges, at levels that correlated with the later appearance of polynucleated (8N) cells (Fig 7; abnormal Aurora B bridges: control: 0.0%, AOH: 1.7%).
Membrane remodeling
Distinct membrane lipid domains, also called membrane rafts, have been reported to play an essential role for the cytokinesis (Szafer-Glusman et al., 2008) . The effect of AOH on the organization of lipid rafts was studied by fluorescence microscopy, using GM1 as a marker.
GM1 is a type of ganglioside found in the plasma membrane rafts and acts as the site of binding for cholera toxin fragment B. The distribution of GM1 in cells exposed to AOH (30 µM, 24 h) was somewhat reduced compared to control cells (Suppl. Fig S3A) . To explore this possibility further, the membrane fluidity of bulk membranes was determined by a spinlabelling method using (EPR). As evidenced in the data presented in suppl. 
Discussion
Inhibition of cell cycle progression is often linked to DNA damage and its resultant repair response. It well known that AOH is genotoxic (Fehr et al., 2009; Pfeiffer et al., 2007) , and recently we reported that AOH generates DNA strand breaks as well as oxidative DNA damage in the RAW 264.7 cells . The results presented here are the first to report that AOH causes a specific arrest in the G 2 /M transition point that is associated with a reduced activity of the cyclin B1/cdc2 complex. The AOH-induced cell cycle arrest was followed by marked morphological changes including nuclear abnormalities.
An AOH-induced accumulation of cells in the G 2 /M (4N) is in accordance with most of the previous findings (Brugger et al., 2006; Burkhardt et al., 2012; Solhaug et al., 2012) although an accumulation of cells in G 1 (Wollenhaupt et al., 2008) has also been reported. The arrest in G 2 /M transition point is often a result of DNA damage as unrepaired damage may end up as gene mutations or larger chromosomal rearrangements. We have previously reported that AOH-induced DNA damage leads to the induction of signaling cascades including chk1 and chk2 with a subsequent activation of p53 . Activation of chk1 and 2 is known to be an important mediator of the G 2 /M DNA damage checkpoint, by inhibiting the cdc25 phosphatase family, therefore maintaining the cdc2/cyclin B1 complex in an inactive cytoplasmic state (Toettcher et al., 2009 ).
We also observed an increased level of cyclin B1, which is likely due to an increased mRNA expression as previously reported . During normal cell cycle progression, cdc2 is activated by dephosphorylation of Tyr15 residue by Cdc25 phosphatases (Boutros et al., 2006) . AOH treatment resulted in an increased phosphorylation of cdc2 at Thr15, which is known to inhibit its kinase activity and are often carried out by Wee1 and Myt1 protein kinases (Mueller et al., 1995; Parker and Piwnica-Worms, 1992 ).
Phosphorylation of cyclin B1 is shown to be central for its nuclear translocation (Toyoshima-
Morimoto et al., 2001
). AOH did not increase phosphorylation of cyclin B1 (Thr161) and accumulated cyclin B1 still seems to be located in the cytoplasm. This is in agreement with an inactive cdc2/cyclin B1-complex, since active cdc2/cyclin B1 complex is known to be translocated into the nucleus thereby triggering the destruction of the nuclear envelope occurring in late prophase (Gavet and Pines, 2010) .
Notably, it has been suggested that cells are not committed to mitosis until late prophase; just before nuclear envelope breakdown, which allows the mitotic spindle to access the chromosomes (Rieder, 2011) . Before the cells reach this point, various insults may arrest chromosome condensation, or induce chromosome decondensation and delay the cell in G 2 .
We have previously shown that AOH treatment led to up regulation of several genes involved in the DNA damage response, such as p21, BRCA1, BRCA2 and PCNA as well as activation (phosphorylation) of p53, H2AX and chk1 and chk2 . Accordingly, the marked DNA damage and DNA damage response suggest that the cells were arrested in the G 2 /M DNA damage checkpoint.
Most interestingly, AOH has been reported to act as a topo IIα poison (Fehr et al., 2009 ).
Previously, we proposed that this effect is highly relevant to AOH induced cell cycle arrest . Topo IIα is required mainly during the final stages of DNA replication to facilitate chromosome untangling, condensation and segregation during mitosis. This is in agreement with our findings here, that AOH induces an early increase in S-phase which is followed by a massive G2 arrest. Topo II appears to regulate mitotic progression so that chromosomes can efficiently condense in prophase and be segregated with high fidelity in anaphase (Downes et al., 1994) . Topo II poisons are known to stabilize the cleavage complex, which may block DNA replication forks or transcriptional machinery and create DSBs. In contrast, topo II inhibitors prevent the formation of the cleavage complex by intercalating into DNA and inhibiting topo II binding or by stabilizing topo II in a closed-clamp conformation after the ligation step of the catalytic cycle. Previous findings suggest that inhibition of topo II decatenatory activity triggers a G 2 checkpoint response, which delays mitotic entry because of insufficient decatenation of daughter chromatids and relies in part on the nuclear exclusion of cyclin B1/cdc2 complexes (Deming et al., 2001; Downes et al., 1994) . Cells treated with AOH for 24-72 h were found to obtain characteristic blebs or heart-shaped nuclei, as they had tried to start division of the nucleus. Interestingly, depletion of topo IIα activity by siRNA in human fibroblasts was found to induce an accumulation of cells in G 2 with a corresponding decrease of mitotic cells. Similar to AOH-treated cells, the fibroblasts had an increased level of nuclear abnormalities such as MN and blebs/heart-shaped nuclei (Bower et al., 2010) . In addition, both topo IIα inhibitors and poisons, including AOH, are found to induce MN (Boos and Stopper, 2000; Brugger et al., 2006) . These findings suggest that AOH, in addition to inducing DSBs and a DNA damage response ) also could interfere with the decatenatory activity of topo II in RAW 264.7 cells. If so, this would lead to insufficient decatenation as well as incomplete condensation of the chromosomes, which then may lead to abnormal nuclei as the cells attempt to divide the nucleus without previous proper chromosomal condensation.
BRCA1, which is also upregulated by AOH , has been found to be required for the decatenation checkpoint together with ATR and Werner helicase (WRN) (Damelin and Bestor, 2007) . Interestingly, it is thought that etoposide (topo IIα poison)
induces DSBs that affects chromatin organization, since it activates ATR-mediated phosphorylation of SMC1 (structural maintenance of chromosomes). SMC1 is a chromosomal protein member of the cohesin complex that enables sister chromatid cohesion until the M/A transition, and plays a role in DNA repair (Watrin and Peters, 2009 ). In addition, condensin, another SMC complex, together with topo II is required for mitotic chromosome condensation (Tapia-Alveal et al., 2010) . Furthermore, a recent study found that topo IIα itself is required for the decatenation checkpoint to function (Luo et al., 2009 ).Thus it is likely that AOHtreated cells that may fail to be arrested in the decatenation checkpoint will be arrested in the antephase checkpoint, which is the last checkpoint before entry into mitosis (Chin and Yeong, 2010) .
Upon prolonged high dose of AOH exposure the nuclei of most of the cells were partly or completely divided, suggesting that they could be tetraploid ( cycle arrest (cyclin D1, cyclin E and p27) were not altered followed AOH exposure . Thus, depending on the definition, most of the 4N cells were not arrested in the G 1 phase at the tetraploid checkpoint, but rather retained in the G 2 /M transition point.
Cytokinesis involves the formation of a cleavage furrow, contraction of an actomyosin-based contractile ring, followed by the formation of a thin intercellular bridge that is cut by abscission to finally separate the dividing cells. Aurora B is essential for mitosis and cytokinesis and following furrow ingression it localizes to the intercellular bridge (Barr and Gruneberg, 2007) . It has been suggested that Aurora B functions as a sensor that responds to unsegregated chromatin in the cleavage plane to control abscission timing and to protect misssegregating cells against tetraploidization (Steigemann et al., 2009) . Furthermore, it has been proposed that topo II ensures proper sister chromatid separation through a direct role in centromere resolution and prevents incorrect microtubule-kinetochore attachments by allowing proper activation of Aurora B kinase (Coelho et al., 2008) . Following AOH exposure abnormal Aurora B bridges were observed, with three or four dividing nuclei being connected by Aurora B-positive intercellular bridges. These findings indicate that AOH, in the feature of being a topo IIα poison, may have the ability to disturb the Aurora B activity, which could lead to polyploid cells via an additional inhibition of cytokinesis.
During cytokinesis, several cytoskeleton rearrangements, membrane trafficking and plasma membrane remodeling occur. Lipid rafts have been shown to play an essential role in central spindle assembly and cleavage furrow ingression (Albertson et al., 2005) . Recently it was found that very long chain fatty acids play an essential role, not only in furrow ingression and cytokinesis, but also in proper formation of the central spindle (Szafer-Glusman et al., 2008) .
Our findings suggest that AOH may have some effects on membrane rafts, as AOH appears to both make the GM1 staining more diffuse and increase the bulky membrane fluidity somewhat. However, the possibility that these changes are secondary effects due to the increased cell volume following AOH exposure cannot be excluded.
Conclusion:
We report that the AOH-induced arrest in the G 2 /M transition point is mediated by a reduced activity of the cyclin B1/cdc2 complex. The AOH-induced cell cycle arrest, most probably due to DNA damage and incomplete decatenation, was followed by very specific morphological changes.
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